A new molecularly imprinted polymer (MIP) was synthesized by precipitation polymerization using diclofenac (DFC) as a template. Binding characteristics of the MIP particles were evaluated by equilibrium binding experiments. DFC-MIP aqueous suspension and non-imprinted polymer (NIP) suspension were exposed to monochromatic UV light (253.7 nm) from low-pressure mercury lamps. UV-visible spectrophotometry (especially absorbance at 276 nm) showed that the DFC inside MIP particles degraded completely. After DFC-MIP suspension exposure to UV light the particles were completely regenerated after washing with water at least six times. The regenerated MIP particles rebounded considerable amount of DFC (approximately 88% removal of 44 ppm DFC). The stability of DFC was examined in the presence of various concentrations of hydrochloric acid (0.025 to 125 mM). Experimental results showed that degradation of DFC was efficient, depending on the acid concentration as well as the treatment time. However, there was no re-binding of DFC by the MIP particles after HCl treatment (and DDW washing) when exposed to DFC for 24 hours.
Introduction
Many pharmaceuticals along with their metabolites have been detected in environmental water samples. Due to the high persistence and low biodegradability of these compounds, as well as their potential impact on human health and the environment even at low concentration levels, they have elicited great concern about ecotoxicity [1] [2] [3] . Diclofenac, ibuprofen and propranolol are three widely used pharmaceuticals that are prescribed and sold in large quantities. Diclofenac (DFC), derived from benzene acetic acid (Scheme 1), is a non-steroidal anti-inflammatory drug (NSAID) of cyclooxygenase inhibitor [4] [5] [6] [7] . It is used in the treatment of rheumatoid arthritis, osteoarthritis, and ankylosing spondylitis. It is also used for the symptomatic relief of low back pain, post operative pain, musculoskeletal injuries and chronic pain associated with cancer [8] . The sodium or potassium salts are soluble in water for oral administration. DFC escapes conventional urban wastewater treatment plants because of its resistance to biodegradation. Advanced processes like ozonation and ultrasonolysis can be employed for the removal of recalcitrant DFC from water matrices. The synergy observed in the combined schemes, however, led to only 40% mineralization for 40 min treatment [9] . Therefore it is frequently found in treated effluents, lakes and rivers [10] . Exposure assessment of DFC based on the overall load was obtained in nine effluents of sewage treatment plants, with concentrations up to 2.2 µg/L [11] . Already at significant environmental concentration levels, its harmful effects to different aquatic organisms have been demonstrated. Mussels exposed to 10,000 μg/L of DFC had a significantly lower scope for growth and byssus strength [12] . The uptake reached concentrations two orders of magnitudes higher than found in sewage treatment plant effluents. Veterinary use of DFC in South Asia resulted in the high mortalities of three vulture species to the category of global extinction risk [13] . Vultures are exposed to DFC when scavenging on livestock treated with the drug shortly before death. DFC causes kidney damage, increased serum uric acid concentrations, visceral gout, and death. It is largely regarded as one of the most devastating environmental toxicant in recent times [14] .
Calza et al. studied the photocatalytic transformation of DFC, under simulated solar irradiation using TiO 2 suspensions as catalyst, to assess the decomposition of DFC [15] . Hofmann 
) under oxic and anoxic conditions. Oxidative and reductive DFC transformation products were identified [17] . Achilleos et al. reported that DFC decomposition was affected adversely by the amount of catalyst, complexity of water matrix, initial DFC concentrations, and H 2 O 2 to DFC concentration ratio [18] . Laera et al. demonstrated that integrating a membrane bioreactor and a TiO 2 /UV photocatalysis reactor could be a promising technology to treat pharmaceutical wastewater (characterized by simultaneous presence of biodegradable and refractory/inhibitory compounds) [19] . Madhaven et al studied the sonolytic, photocatalytic and sonophotocatalytic degradation of DFC using three photocatalysts (TiO 2 , ZnO and Fe-ZnO). The sonophotocatalytic degradation using TiO 2 under UV-visible radiation showed a slight synergistic enhancement in the degradation of the parent compound, but a detrimental effect was observed for the mineralization process [20] .
There have been few studies into whether microbial consortia (in activated sludge) can degrade all pharmaceuticals when exposed to pandemic-scale doses [21, 22] . Degradation of DFC sodium was assessed by MarcoUrrea et al. using the white rot fungus Trametes versicolor. Almost complete DFC removal (≥94%) occurred during the first hour when the drug was added at relatively high (10 mg·L ) concentrations in a defined liquid medium [23] . Zhang and Geißen produced crude lignin peroxidase from a white rot fungus (Phanerochaete chrysosporium) that completely degraded DFC at pH 3.0 -4.5 and 3 -24 ppm H 2 O 2 , under increased temperature with the addition of veratryl alcohol [24] . Degradation by ultrasonic irradiation is an alternative that eliminates DFC from water without the addition of chemicals or fungi [25] . Hartmann et al investigated the sonolysis of DFC in water at ultrasound frequencies of 24 -850 kHz. Catalysts (especially TiO 2 ) increased the rate of degradation, decreasing the concentration of DFC from 100% to 16% within 30 min [26] . Güyer and Ince studied the degradation of DFC by ultrasound with the addition of non-reactive iron superoxide nanoparticles. The initial concentration, pH and frequency of operation that rendered maximum degradation were 30 μM, 3.0 and 861 kHz, respectively [27] . The remarkably high efficacy (42 μM/ mg/hr) was attributed to the synergy of nanotechnology and ultrasound, combining the effects of massive surface area, excess cavitation nuclei, enhanced mass transfer and continuous cleaning of the metal surface. However, more research is still needed for the development of microbial, physical, and chemical methods for the degradation and removal of DFC after their discharge in the environment.
Controlled release of the sodium salt of DFC had previously been studied by using low molecular weight poly (lactic acid) as a matrix, which could be regenerated for reuse after treatment with methanol/acetic acid (9:1, v/v) [28] . Polyvinyl alcohol and polyacrylic acid had also been cross-linked with glutaraldehyde to form microspheres for delivery of DFC sodium to the intestine [29] . A molecularly imprinted polymer (MIP) was synthesized by precipitation polymerization using DFC as a template [30] . Binding characteristics of the MIP were evaluated using equilibrium binding experiments. Compared to the non-imprinted polymer (NIP), the MIP showed an outstanding affinity towards DFC in an aqueous solution with a binding site capacity (Q max ) of 325 mg/g and a dissociation constant (K d ) of 4 mg/L. The feasibility of removing DFC from natural water by the MIP was demonstrated by using spiked river water. Effects of pH and humic acid on the selectivity and adsorption capacity of MIP were evaluated. MIP had better selectivity and higher adsorption efficiency for DFC as compared to that of powdered activated carbon (PAC). In addition, MIP reusability was demonstrated for at least 12 repeated cycles without significant loss in performance, which is a definite advantage over single-use activated carbon. These results evidenced the advantages of MIPs for treating pharmaceutical wastewater and similar industrial effluents.
The aim of this study was to synthesize a new MIP using DFC as the template, and evaluate the binding characteristics of DFC-MIP particles. Degradation of DFC inside the particles by exposure to UV light, as well as by treatment with hydrochloric acid, was examined. Finally, the regeneration of MIP particles was explored, and rebinding of DFC was assessed.
Experimental

Materials
Pure DFC sodium salt (CAS # 15307-76-6) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Methacrylic acid (MAA), ethylene glycol dimethacrylate (EGDMA) and 2,2'-azobisisobutyronitrile (AIBN) were all obtained from Sigma-Aldrich (Oakville, ON, Canada). HPLC grade methanol, acetonitrile and acetone as well as hydrogen peroxide (35% w/w per hydrol) were purchased from Caledon (Georgetown, ON, Canada). Hydrochloric acid (reagent grade) was purchased from Anachemia (Montreal, QC, Canada). 18-MΩ.cm distilled deionized water (DDW) was obtained from a Millipore Milli-Q water system (Bedford, MD, USA).
Molecularly Imprinted Polymer and Non-Imprinted Polymer Particles
The synthesis of DFC-molecularly imprinted polymer (DFC-MIP) and non-imprinted polymer (NIP) submicron particles was based on a previously established method except for the template [31] . MAA (carrying a complementary functional group) forms a complex with DFC (the template molecule) via hydrogen bonding and electrostatic interactions in a porogen solvent (acetone/ acetonitrile, 1:3 v/v). EGDMA and AIBN were then added, followed by sonication for 5 minutes, to obtain a homogenous solution. Deoxygenation by pure nitrogen gas for another 5 minutes was imperative. Finally, the vial was sealed and placed in a 60˚C thermostatted water bath for 24 hours to produce MIP particles. Similarly NIP particles were prepared, only without any template molecule. The DFC-MIP and NIP particles in suspension were separately placed in 15-mL polypropylene tubes (Greiner Bio-One, Frickenhausen, Germany), and then spun by a centrifuge (Hamilton Bell VanGuard Centrifuge, Montvale, NJ, USA) for 60 min at 4000 rpm to help remove the supernatants. A stock suspension of the particles was prepared in DDW, from which different working concentrations (mg/mL) were prepared in DDW as needed. All aqueous suspensions of DFC-MIP and NIP particles were ultra-sonicated (Branson 2510, Danbury, CT, USA) for 10 min before use.
Particle Size Measurements by Dynamic Light Scattering (DLS)
The MIP particles were suspended in 10 M KNO 3 at a concentration of 40 mg/mL. The suspension was sonicated for 15 min before ten measurements were run on a NanoDLS particle size analyzer (Brookhaven Instruments, Holtsville, NY, USA). The analyzer had been calibrated by 92 ± 4 nm Nanosphere TM size standards (Duke Scientific, Palo Alto, CA, USA).
UV Absorption Measurements
The absorption spectra of DFC standard solutions and DFC-MIP suspensions were monitored using a Cary 3 Varian UV-visible spectrophotometer (Varian, Mulgrave, Australia) equipped with the Carydiag software. Absorbance was measured at the wavelength of maximum absorption in the UV region (276 nm) to determine the % degradation of DFC.
UV Exposure of DFC
The UV irradiation setup consisted of four low-pressure mercury lamps (Phillips UV-C germicidal lamps, TUV 15W/G15 T8, Somerset, NJ, USA) emitting monochromatic ultraviolet light at 253.7 nm. UV irradiation experiments were conducted according to the procedure previously outlined [32] , and the samples were exposed to an average UV intensity of either 300 or 600 mJ/cm. The average intensity was determined by incorporating the incident UV light intensity, petri factor (ratio of the average surface intensity to the centre intensity), and UV 254 absorbance and depth of the sample, using an integration of the Beer-Lambert law [33] . The UV-254 absorbance of each sample was measured by a UV-visible spectrophotometer (Varian Model Cary 100 BIO, Victoria, Australia). The 6.5-cm Petri dishallowed for a sample solution depth of 0.6 cm when the sample volume was 20 mL. The sample was continuously mixed at a low speed with a micro stirring rod to avoid vortex formation. The incident UV intensity was measured by a radiometer (International Light IL 1400 A, MA, USA,) immediately before UV light irradiation on the sample. DFC peak at the same wavelength. However, an aqueous suspension of NIP particles did not show any peak since they did not consist of any DFC. Absorption (and scattering) of light was a size-, shape-and material-dependent characteristic of the particles. The absorption of UV light energy below 250 nm resulted in opacity that, fortunately, did not hinder the spectrophotometric determination of DFC (at 276 nm) or the degradation of DFC by UV light (at 253.7 nm). the proper concentration needed was obtained by suspension of the particles in a calculated volume of DDW.
Effect of Hydrochloric Acid on DFC
The stability of DFC (50 ppm) was examined in various concentrations of hydrochloric acid (0.025 -125 mM) for different time periods (0.5 -120 hours) at room temperature. Similarly, the degradation effect of hydrochloric acid on DFC in MIP particles was also studied.
Degradation of DFC by UV Irradiation
Results and Discussion
Irradiation by UV light is a method commonly used to degrade DFC and other pharmaceuticals in water, without the addition of chemicals. It is well known that passing water through a beam of UV light breaks down DFC as well as other organic compounds in the water. The extent of the degradation depends on the UV light wavelength and UV dose. A wavelength of 185 nm effectively breaks down and oxidizes carbon-containing molecules [34] , yielding ionized fragments that can be subsequently removed by ion exchange. In the present study, UV irradiation experiments were conducted using low-pressure mercury lamps that emit monochromatic UV light at 253.7 nm. The DFC standard solution, DFC-MIP suspension and NIP suspension were exposed to UV light (either 300 or 600 mJ/cm 2 ) to investigate the degradation
Characterization of DFC-MIP Particles
After preparation, the size of DFC-MIP particles was measured in an aqueous suspension by dynamic light scattering (DLS). DLS was useful for perceiving the size-dependent diffusion behavior of polymer particles in aqueous suspension. The average diameter (n = 10) was 0.7 ± 0.2 µm. The DFC-MIP particles were also examined under a scanning electron microscope (SEM). Their SEM image (in Figure 1) showed dry particles with an average diameter of 0.3 ± 0.1 µm. The UV-visible spectrum of a DFC solution exhibited maximum absorbance at 276 nm (in Figure 2 ). An aqueous suspension of DFC-MIP particles also showed a clear of DFC. As shown by the UV-visible absorption spectra in Figure 3 , absorbance at 254 nm of the NIP suspension did not change after exposure to UV light. For both the DFC standard solution and DFC-MIP suspension, their absorbance values at 254 nm increased (by 245% and 130±7% respectively). Their colors also changed to yellowish due to the formation of a degradation product. No peak was observed at 276 nm (λ max for DFC). As no difference was observed between 600 mJ/cm 2 and 300 mJ/cm 2 , DFC degradation was completed by exposure to either UV light dose. In a previous study, DFC was analyzed by RP-HPLC after reaction with OH free radicals that were obtained by exposing a mixture of DFC, ferrous sulphate and ascorbic acid to tungsten lamp irradiation. The chromatographic profiles showed the formation of several new peaks due to degradation/oxidation products [35] . A degradation product was determined by RP-HPLC to be 1-(2,6-dichlorophenyl)-indolin-2-one [36] . Another study proposed a reaction path (via hydroxylation, dehalogenation, cleavage of the NH-bridge between the aromatic rings, subsequent oxidative ring opening and stepwise degradation) leading to carboxylic acids [37] .
Preconcentration of DFC by MIP Particles before UV Irradiation
MIP particles were used to pre-concentrate DFC in water before UV light irradiation. The pK a of DFC was 4.1; therefore, DFC was negatively charged due to ionization in the normal range of pH 6.5 to 8.5 in surface water systems. Similarly, the pK a of MAA is 4.66, indicating that the MIP surface could be negatively charged. Hydrogen bonding and hydrophobic interactions is expected to play an important role in overcoming the electrostatic repulsive interactions between DFC and the MIP suggesting that other interactions such as hydrogen bonding and hydrophobic interaction were still involved in the sorption process during preconcentration. This finding is inconsistent with previous results that the electrostatic interaction played an important role in recognizing the target compound in the sorption process [38] . After the MIP particles were separated from water using centrifugation, no significant amount of DFC was found in the centrate. When the particles were next exposed to UV light irradiation, any undesirable yellowish coloration due to degradation products would not cause any contamination of the decanted water. It the MIP particles were added to water after UV light irradiation, they would remove any remaining amount of DFC as well as all degradation products in the water. After centrifugation to separate the particles, the supernatant water would be depleted of DFC and degradation products (with concomitant disappearance of the undesirable yellowish coloration).
Degradation of DFC by Hydrochloric Acid
The stability of DFC in aqueous solution was examined in the presence of various concentrations of hydrochloric acid (0.025 to 125 mM). Although DFC was not degraded significantly in the 0.025 M hydrochloric acid solution, it was largely degraded in hydrochloric acid solutions stronger than 0.125 mM (see Figure 4 (a) and 4(b)). Figure 4 shows the effec of HCl on the degradation t of DFC in water. The efficiency was close to 100%, and it remained unchanged as the HCl concentration varied from 1 mM to 125 mM (i.e., solution pH varied from 3.0 to 0.9). The amount of DFC degraded in various concentrations of hydrochloric acid was examined over different periods of time (after 0.5, 24 and 72 hours) in Figure 5 . Also, degradation of DFC in 0.125 mM hydrochloric acid was examined over the treatment periods (from 0.5 to 120 hours) in Figure 6 . The DFC was considerably (75 ± 1%) degraded by 0.125 mM HCl even after 0.5 hour. These results show that degradation of DFC in hydrochloric acid media can be efficient, depending on the acid concentration as well as the treatment time.
Regeneration of MIP
Regeneration of MIP was also investigated. Degradation of DFC by HCl was both efficient and rapid. However, there was no re-binding of DFC by the MIP particles after HCl treatment (and DDW washing) when exposed to DFC for 24 hours. One possible reason for this is the degradation product left behind inside the binding cavities. However, DFC seemed to be an ionic species that has a high solubility in water. Therefore the particles were washed with DDW three to six times, after which the amount of DFC remaining was determined by UVvisible spectrophotometry. As shown in Figure 7 , our MIP particles were regenerated by washing with DDW. These MIP particles could either bind DFC in water, or let DFC washed out by water, depending on the concentration. When the particles with no DFC (after UV exposure) were exposed to a DFC solution of 50 ppm, the DFC rebound with MIP. After rebinding, when the particles were washed with DDW, the bound DFC left the particles to reach new partition equilibrium.
To examine the binding efficiency of the MIP particles after regeneration, the regenerated MIP particles were mixed with a DFC standard solution for 24 hours. UVvisible spectroscopy was used to determine the amount of DFC re-bound onto the particles, as shown in Figure  8(a) . A comparison of the absorption spectra between the generated MIP particles after rebinding DFC (considering the 10 times dilution) and the DFC standard solution (5 ppm) indicated that the MIP particles rebound a considerable amount of DFC (approximately 44 ppm). This 88% recovery of DFC was very satisfactory, considering the amount of DFC available for MIP binding was 50 ppm (which was an arbitrarily high concentration needed to accommodate the modest sensitivity of UV-visible spectrophotometry). In Figure 8(b) , the last UV-visible spectrum was obtained for the supernatant after the MIP particles rebound with DFC and washed three times. It showed all DFC was removed from the particles. The demonstrated reusability and easy regeneration of MIP particles over several adsorption and desorption cycles is very advantageous and opens a possibility for larger scale applications such as water and wastewater treatment.
Non-Specific Binding of MIP
Because pharmaceuticals in the aquatic environment occur usually as mixtures, an accurate prediction of the mixture toxicity is indispensable for environmental risk assessment. The ecotoxicity of the non-steroidal antiinflammatory drugs (NSAIDs) DFC, ibuprofen, naproxen, and acetylsalicylic acid (ASA) was previously evaluated using acute Daphnia and algal tests [39] . In four countries (France, Greece, Italy, and Sweden) occurrence in sewage treatment plant (STP) effluents and ecotoxicity of the pharmaceuticals DFC, carbamazepine and clofibric acid were investigated [40] . The wavelength of maximum absorption for ibuprofen is 264 nm, for carbamazepine 284 nm, and for clofibric acid 284 nm. The impact of these other pharmaceutical compounds, due to non-specific binding with the DFC-MIP particles, on UV irradiation and HCl treatment of DFC would require systematic investigation. 
Conclusions
The present work demonstrated that the molecular imprinting process can produce polymer materials that have a wide variety of applications in environmental chemistry, specifically well suited for the degradation of DFC by UV light irradiation and HCl acid treatment. Previously, only the sol-gel process was known to produce inorganic (such as siloxane) polymer materials with optical transparency, chemical inertness, rigidity and porosity that make them ideally suited for specialized applications (such as photo-degradation) [41] . Future work would require the development of a sensitive, selective and accurate liquid chromatography-mass spectrometry (LC-MS) assay for the determination of DFC sodium. A good mobile phase for DFC elution may consist of acetonitrile and 20 mM ammonium acetate solution (5:1 v/v) at pH 7.4 [42] . Liquid chromatography-triple quadrupole mass spectrometric assay would be needed for the simultaneous determination of DFC and other pharmaceuticals in water [43] . An ultra-performance LC-MS method would have to be employed for the separation, detection and identification of the many metabolites and transformation products of DFC (using a common diagnostic fragment ion at m/z 214) [44] .
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